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012.06.0Abstract In this paper, activated carbon was prepared from Ziziphus spina-christi seeds (ZSAC) to
remove Mn(II) from aqueous solutions. To characterize the adsorptive characteristics of the pro-
duced active carbon, surface area was calculated using the standard Brunauer–Emmet–Teller
method. The microstructures of the resultant activated carbon were observed by with scanning elec-
tron micrographs. Chemical characterization of the surface resultant activated carbon was studied
by Fourier Transform Infrared Spectroscopy. The effects of pH, initial metal ion concentration and
temperature on the adsorption performance of ZSAC for Mn(II) ions were examined by batch
method. The adsorption equilibrium data were analyzed by Langmuir, Freundlich and Temkin
isotherm models. We concluded that maximum adsorption capacity of manganese calculated from
Langmuir isotherm was around 172 mg/g.
ª 2012 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Manganese is the second most abundant metal in nature. Its
most common mineral is pyrolusite (MnO2). It is an essential
metal for the human system and enzymes activation. It has a
variety of applications in ceramics, dry battery cells and elec-803179.
fr (A. Omri).
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03trical coils; it is also an alloying element. In addition to the
disposal of untreated discharge from above the applications
into water, another major source of pollution of the manga-
nese is burning of coal and oil [1]. Because of the toxicity
and non-degradable nature of metallic species, scientists the
world over have carried out signiﬁcant work on their removal
from aqueous solutions and industrial efﬂuents. Membrane ﬁl-
tration [2,3], chemical precipitation [3], ion exchange [4], silica
[5], adsorption on activated carbon [6], etc., are among the
commonly used methodologies for this purpose. The use of
activated carbons to remove Mn(II) from water was proposed
because of their high surface areas and active functional
groups [7] leading to a search for low-cost adsorbents in recent
years. Indeed activated carbon production from agricultural
waste for example, has two advantages. First, waste materialion and hosting by Elsevier B.V. All rights reserved.
344 A. Omri, M. Benzinais converted to useful, value-added adsorbents. Disposal of
agricultural by-products has become a major costly waste dis-
posal problem. Second, produced activated carbons are used
for removing organic chemicals and metals from wastewater
[8]. Corn cob [9,10], ﬂamboyant pods [11], apricot stone
[12,13], almond shell, nut shell, peach stone [13,14], oat hulls,
coconut husk [15], coconut shell [16,17], hazelnut shell [14],
grape seed [18], olive stone [19] and Rosa canina sp. seeds
[20] have been used for activated carbon production. Ziziphus
spina-christi is a plant that grows into a tree with thorny
branches and is used as a hedge to form defensive fences for
cattle. The fruit has a sweet edible pulp, the leaves are applied
locally to sores, and the roots are used to cure and prevent
skin diseases [21–23]. The literature does not show research
about preparation of activated carbon from Z. spina-christi
seeds.
In the present study, ZSAC prepared by chemical activa-
tion with KOH was characterized and used as an adsorbent
to remove Mn(II) from aqueous solutions. The adsorption of
manganese ions onto activated carbons was studied in batch
equilibrium conditions. The effects of different parameters
including pH, initial metal ion concentration and temperature
were investigated. Langmuir, Freundlich and Temkin iso-
therms were used to analyze the equilibrium data.2. Experimental procedure
2.1. Materials
Z. spina-christi seeds used in this study were collected from
Sidi Bouzid, Tunisia. All the reagents used were of analytical
grade. The impregnating agent for the chemical activation of
the seeds was potassium hydroxide. The aqueous solution of
Mn(II) was prepared by dissolving manganese sulfate in dou-
ble distilled water. The pH of the solution was adjusted using
0.01 N HCl or 0.01 N NaOH.2.2. Activated carbon preparation
Z. spina-christi seeds were dried at 110 C for 24 h, ground
and granulometrically separated. The material, which had par-
ticle size between 1 and 2 mm, was placed in a vertical stainless
steel reactor and heated in a furnace at a rate of 10 C/min
from room temperature to 600 C and maintained at this tem-
perature for 1.5 h. The obtained char was mixed with water
and KOH with the weight ratio of water/KOH/char equal to
3/4/1, with constant mechanical stirring for 6 h and a temper-
ature of 85 C. The impregnated char was dried overnight at
120 C. The reactor containing the dry mixture was set into
a furnace under N2 ﬂow of 100 cm
3/min, and heated at a rate
of 10 C/min to the ﬁnal temperature of 700 C, which was
maintained for 2 h. All the activated samples were washed
with water, poured into 0.1 mol/L HCl and stirred for 1 h to
eliminate the residual alkali [24]. Then, the samples were
washed with hot distilled water until the pH of the ﬁltrating
solution was neutral [25]. The produced activated carbon
was then dried at 105 C overnight, ground and sifted to ob-
tain a powder with a particle size smaller than 45 lm; it was
ﬁnally kept in a hermetic bottle for subsequent uses.2.3. Textural and chemical characterization
2.3.1. Speciﬁc surface area
The speciﬁc surface (SBET) of activated carbon is determined
by a Micrometrics apparatus (ASAP 2010) by adsorption of
nitrogen at 77 K according to the traditional method of Bru-
nauer Emmet and Teller or BET [26].
2.3.2. Iodine number
The iodine number (mg/g of activated carbon) was evaluated
using the procedure proposed by the Standard Test Method
(ASTM D 4607-86). The activated carbon (approximately
0.3–0.6 g) was placed in a 250 mL dry Erlenmeyer ﬂask, and
was fully wetted with 10 mL HCl 5%. Then 100 mL of iodine
solution (0.1 M) were poured into the ﬂask, and the mixture
was vigorously shaken for 30 s. After a quick ﬁltration,
50 mL of the solutions were titrated with sodium thiosulfate
(0.1 M) until the solution became pale yellow. Two milliliters
of starch indicator solution (1 g/L) were added, and the titra-
tion was continued with sodium thiosulfate until the solution
became colorless. The concentration of iodine in the solution
was thus calculated from the total volume of sodium thiosul-
fate used.
2.3.3. IR spectroscopy analysis
The surface functional groups and structure were studied by
FTIR spectroscopy. The FTIR spectra of the raw material
and the resulting activated carbon were recorded between
500 and 4000 cm1 in a NICOET spectrometer.
2.3.4. Thermogravimetric analysis
Thermogravimetric analysis of the activated carbon was per-
formed in a Perkin–Elmer TG/DTA apparatus at a nitrogen
ﬂow rate of 100 mL/min and a heating rate of 10 C/min up
to 600 C.
2.3.5. Morphology analysis
In order to know the structure sight of the activated carbon,
Scanning Electron Microscopy (SEM) was employed to visual-
ize sample morphology. In the present work, the activated car-
bon prepared was analyzed by this technique using a Philips
XL30 equipped with an analyzer EDAX (Energy Dispersive
Analysis of Analysis of X Rays) to study the surface morphol-
ogy of the ZSAC and qualitative elemental analysis.
2.4. Batch adsorption experiments
The effects of experimental parameters such as initial metal ion
concentration (20–140 mg/L), pH (2.5–6.5) and temperature
(25–40 C) on the adsorptive removal of Mn(II) ions were
studied in a batch mode of operation for a speciﬁc period of
contact time for 180 min. All adsorption experiments were
conducted in 250 mL conical ﬂasks, adding 100 mL of manga-
nese solution (with desired concentration and pH) and 75 mg
of ZSAC, and then mechanically agitating them in an isother-
mal water bath shaker at 200 rpm for the wished temperature.
After ﬁltration through the ﬁlter paper, Mn(II) ions remaining
in the solution were determined by ZEENIT Atomic Absorp-
tion. The amount of adsorbed manganese per gram ZSAC at
Figure 1 FTIR spectra of (a) Ziziphus spina-christi seeds and (b)
ZSAC.
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moval), were calculated using the following equations:
qe ¼
ðC0  CeÞ  V
m
ð1Þ
% removal ¼ C0  Ce
C0
 100 ð2Þ
where C0 and Ce are the initial and equilibrium concentrations
of Mn(II), respectively (mg/L). V is the volume of Mn(II) solu-
tion (L) and W is the weight of adsorbent used (g).
3. Results and discussion
3.1. Characteristics of the activated carbon
3.1.1. Physico-chemical properties of the activated carbon
Some properties of the ZSAC are presented in Table 1. The
activated carbon product has a surface area about
914.23 m2/g and a porous volume equal to 0.731 cm3/g. The
ZSAC is composed mainly of carbon, but also lots of oxygen
from many oxygenated surface functions. We also note the
presence (15% compared to the carbon content) of potassium
due to treatment with potassium hydroxide during the activa-
tion step.
3.1.2. FTIR spectroscopic analysis
In this work, infrared spectroscopy was used to obtain infor-
mation about the chemical structure and functional groups
of the raw material and the prepared activated carbon
[27,28]. The FTIR spectrum of the Z. spina-christi seeds is
shown in Fig. 1a. This spectrum is quite similar to that of other
lignocellulosic materials such as pistachio-nut shell and rock-
rose [27,29]. The band located at 3447 cm1 corresponds to
the intra-molecular H-bonded (–OH) [30]. The band observed
around 2928 cm1 is attributed to C–H stretching vibration of
CH2. The band at 1734 cm1 is ascribed to carbonyl C‚O
groups. The skeletal C‚C vibrations in aromatic rings cause
two bands at 1507 and 1457 cm1 [31]. The band at
1251 cm1 may be attributed to esters (e.g. R–CO–O–R0),
ethers (e.g. R–O–R0) or phenol groups. The relatively intense
band at 1036 cm1 can be assigned to alcohol groups (R–
OH) [32]. The C–H out-of-plane bending in benzene derivative
vibrations causes the band at 898 cm1 [33]. The FT-IR spec-
tra of the activated carbon prepared at 700 C was shown in
Fig. 1b. The bands at 3429 and 1080 cm1 were assigned to
O–H bonds and C–OH stretching of phenolic groups, respec-
tively [34]. According to Montes-Moran et al. [35], the bands
observed in the region between 1700 cm1 and 1490 cm1 were
attributed to C‚C symmetrical stretching of pyrone groupsTable 1 Some properties of the ZSAC.
Parameter Value
Speciﬁc surface area (m2/g) 914.23
Porous volume (cm3/g) 0.731
Carbon (%) 64.152
Oxygen (%) 8.994
Potassium (%) 9.731
Iodine number (mg/g) 797and C‚O of carboxylic groups. Moreover, Chiang et al. [36]
noted that the alkaline treatment increased the amount of oxy-
gen functional groups, especially, phenolic groups. In addition,
carbon skeleton vibrations, which are characteristic in acti-
vated carbon, were observed.
3.1.3. Thermogravimetric analysis
The TG-DTG graphs for the prepared activated carbon and
the raw material are shown in Figs. 10 and 11. The TG curves
given in Fig. 2 show that at low temperatures (up to 120 C),
the raw material presents a slight mass loss (7%) due to the
elimination of moisture. Then, up to approximately 230 C,
the sample mass remains nearly constant, decreasing markedly
between 250 and 410 C due to the release of the volatile mat-
ter occurs from degradation of cellulose and hemicelluloses
from the precursor (65% mass loss) [37,38]. At 450 C, the
remaining material corresponds to 21% of the initial material.
At higher temperatures, the sample mass decreases slightly up
to 600 C, remaining only 18% of the initial mass indicating
the decomposition of lignin, which was a structure with higher
stability [39]. Moreover, the ZSAC thermogram showed a ﬁnal
average yield of 81% for heating up to 600 C, indicating a
high thermal resistance. Fig. 3 shows the DTG thermogramFigure 2 TG thermogram of Ziziphus spina-christi seeds and
ZSAC.
Figure 3 DTG thermogram of ZSAC.
Figure 4 SEM image of ZSAC.
Figure 5 Possible mechanisms of ion exchange.
Figure 6 Effect of pH on removal of Mn(II) (initial concentra-
tion 50 mg/L; temperature 25 C).
346 A. Omri, M. Benzinaof ZSAC, the peak observed between 60 and 120 C is due to
moisture elimination.
3.1.4. Surface morphology
SEM image of the ZSAC is shown in Fig. 4. The external sur-
faces of these ZSAC show large cavities and are very irregular,
indicating that the porosity of the material was produced by an
aggressive attack of the reagent (KOH) during activation.Activation at 700 C with KOH resulted in the creation of
more pores and a substantial removal of volatiles [40]. Large
and well-developed pores were clearly found on the surface
of the activated carbon. Pore development in the ZSAC during
pyrolysis was also important as this would enhance the surface
area and pore volume of the activated carbon by promoting
the diffusion of KOH molecule into the pores and thereby
increasing the KOH–carbon reaction, which would then create
more pores in the activated carbon.
Activation with KOH represents the intercalation of potas-
sium between the layers of graphenes and the hydrogen forma-
tion, which causes to minimize the quantity of surface oxygen
catalytically active [41].
3.2. Mechanism of adsorption
The surface of the prepared activated carbon contains func-
tional groups of oxygen and aromatic compounds. These
groups can be involved in chemical bonding and are responsi-
ble for the cation exchange capacity of the ZSAC. Thus, the
ZSAC/manganese reaction may be represented in two ways
(Fig. 5). According to this ﬁgure, possible mechanisms of ion
exchange can be considered a manganese ion (Mn2+) which at-
taches itself to two adjacent hydroxyl groups and two-oxyl
groups which could donate two pairs of electrons to metal
ions, forming four coordination number compounds and
releasing two hydrogen ions into solution.
3.3. Effect of pH on removal of Mn(II)
It is well known that the adsorption of heavy metal ions de-
pends on the pH of the aqueous solution. Fig. 6 indicates
the effect of pH on the removal of manganese(II) ions onto
ZSAC from aqueous solutions. The solution pH was varied
from 2.5 to 6.5. While Mn(II) removal was 69.52% at pH
2.5, it was 87.69% for adsorbent at pH 4. For pH > 4, the
maximum uptake is attained and is maintained constant. Max-
imum adsorption at acidic pH indicates that low pH leads to
an increase in H+ ions on the carbon surface, resulting in sig-
niﬁcantly strong electrostatic attraction between positively
charged ZSAC surface and manganese ions. This might be
attributed to the partial hydrolysis of Mn(II) ions with
M
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Figure 7 Effect of initial concentration on removal of Mn(II)
(pH = 4; temperature 25 C).
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Figure 8 Effect of temperature on removal of Mn(II) (initial
concentration 50 mg/L; pH= 4).
Figure 9 Langmuir isotherm for Mn(II) adsorption onto ZSAC
at 25 C.
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OH such as MnðOHÞþ; MnðOHÞ2; Mn2ðOHÞþ3 ; Mn2OH3þ;and MnðOHÞ24 species in solution [42]. As a result, Mn-
hydroxyl species may participate in the adsorption and/or
precipitation onto the adsorbent structure. The maximum
removal percentage occurs at pH = 4 and hence it was taken
as the optimal value for further adsorption studies.
3.4. Effect of initial Mn(II) concentration on the removal of
manganese
The effect of the initial concentration on Mn(II) was investi-
gated in the range 20–140 mg/L with a pH value ﬁxed at 4.
The results are shown in Fig. 7. If the mass of ZSAC in the sus-
pension is equal to 75 mg, 93.12% of the initial Mn(II) with a
concentration of 20 mg/L is removed. For example, while the
amount adsorbed was 24.83 mg/g at the initial Mn(II) concen-
tration of 20 mg/L, it increased to 145.24 mg/g at the initial
Mn(II) concentration of 140 mg/L. At lower metal concentra-
tion, the ratio of the number of moles of manganese in a solu-
tion to the available surface area is low and hence adsorption is
independent of the initial concentration. At higher concentra-
tion, the number of available sites for adsorption decreases
and, hence, metal removal is dependent on the initial
concentration.
3.5. Effect of temperature on removal of Mn(II)
Temperature has a pronounced effect on the removal of pollu-
tant species from aqueous solutions with most adsorption pro-
cesses being exothermic in nature [43]. Investigation for the
present process also revealed its exothermic nature [44]. The re-
moval of Mn(II) decreased from 88.37% to 81.38% by increas-
ing the temperature from 25 to 40 C (Fig. 8). The variation in
the removal may be a result of the enhanced escaping tendency
of pollutant species at increasing temperatures. The possibility
of increased solubility at higher temperatures and hence a low-
er adsorption can also not be ruled out.
3.6. Adsorption isotherms
Adsorption equilibrium data were ﬁtted to the Langmuir, Fre-
undlich and Temkin isotherms at a temperature of 25 C and
with pH = 4. Langmuir isotherm is based on the monolayer
adsorption of manganese ions on the surface of carbon sites
and is expressed in the linear form as [45]
Ce
qe
¼ 1
Q0b
þ Ce
Q0
ð3Þ
where Ce is the equilibrium concentration (mg/L) and qe the
amount adsorbed at equilibrium (mg/g). The Langmuir con-
stants Q0 (mg/g) represent the monolayer adsorption capacity
and b (L/mg) relates to the heat of adsorption. A plot of Ce/qe
versus Ce gives a straight line of slope 1/Q0 and intercepts 1/
Q0b.
Freundlich isotherm describes the heterogeneous surface
energies by multilayer adsorption and is expressed in linear
form as [46]
log qe ¼ logKF þ
1
n
 
logCe ð4Þ
The constants KF (mg/g (L/mg)
1/n) and 1/n of the Freundlich
model are those indicative of the relative adsorption capacity
Figure 10 Freundlich isotherm for Mn(II) adsorption onto
ZSAC at 25 C.
Figure 11 Temkin isotherm for Mn(II) adsorption onto ZSAC
at 25 C.
Table 2 Langmuir, Freundlich and Temkin isotherm param-
eters and correlation coefﬁcients for the adsorption of Mn(II)
in aqueous solutions onto ZSAC at 25 C.
Isotherms Mn(II) constants
Langmuir isotherm
Q0 (mg/g) 172.413
b (L/mg) 0.09
R2 0.959
Freundlich isotherm
KF (mg/g) (L/mg)
1/n 21.968
1/n 0.519
R2 0.984
Temkin isotherm
bT (J/mol) 72.378
A (L/g) 1.148
R2 0.937
Table 3 Comparison of adsorption capacity with other
adsorbents.
Adsorbent Adsorbent
dosage (g/L)
Q0 (mg/g) Reference
Activated carbon immobilized
by tannic acid
2 1.73 [50]
Pecan nutshell biosorbent 5 103.8 [31]
Pithacelobium dulce carbon 0.1 0.415 [51]
Crab shell particles 5 69.9 [52]
Thermally decomposed leaf 10 66.57 [53]
Natural zeolitic tuﬀ 10 10 [54]
Activated carbon of
Ziziphus spina-christi seeds
0.75 172.413 This study
348 A. Omri, M. Benzinaof the adsorbent and the intensity of the adsorption, respec-
tively. For values in the range 0.1 < 1/n< 1, adsorption is
favorable [47]. The greater the values of 1/n, the better the
favorability of adsorption.
Temkin isotherm based on the heat of adsorption of the
ions, which is due to the adsorbate and adsorbent interactions
taken in linear form, is given by [48]
qe ¼
RT
bT
 
lnAþ RT
bT
 
lnCe ð5Þ
where B= RT/bT, bT is the Temkin constant related to the
heat of sorption (J/mol), A is the Temkin isotherm constant
(L/g), R the gas constant (8.314 J/mol K) and T the absolute
temperature (K).
The linear plot of speciﬁc adsorption (Ce/qe) against the
equilibrium concentration (Ce) for Langmuir model, (logqe)
against the (logCe) for Freundlich model and (qe) against the
(lnCe) for Temkin models are shown in Figs. 9–11. The con-
stants calculated from the linear forms of the three isotherms
are given in Table 2.
As can be seen in Table 2, the Freundlich isotherm model
had highest values of regression coefﬁcients when compared
to the rest of isotherm models, this model was more suitable
for the adsorption equilibrium of Mn(II). According to Trybal
[49] it has been shown using mathematical calculations that n
values between 1 and 10 represent beneﬁcial adsorption.
The adsorption capacity (Q0) of Mn(II) onto ZSAC was
compared with other adsorbents reported in literature and is
shown in Table 3. It can be seen from the table that ZSAC
shows the very high adsorption capacity with respect to other
adsorbents, revealing that ZSAC can be considered a viable
adsorbent for the removal of Mn(II) from aqueous solutions.4. Conclusion
The present study demonstrates that the prepared activated
carbon from Z. spina-christi seeds is an effective adsorbent
for the removal of Mn(II) from aqueous solutions. Scanning
Electron Microscopy and Fourier Transform Infrared Spec-
troscopy investigations were evidenced the presence of a por-
ous structure and different functionalities on the ZSAC
surface. Adsorption of Mn(II) was inﬂuenced by various
parameters such as initial pH, initial concentration of manga-
nese and temperature. The highest removal of Mn(II) was
Removal of manganese(II) ions from aqueous solutions by adsorption 349obtained at pH (pH = 4). The removal efﬁciency decreased
with increased temperature and initial concentrations. The
Langmuir, Freundlich and Temkin adsorption isotherm mod-
els were used to explain the adsorbate removal. The equilib-
rium adsorption of Mn(II) over the entire concentration
range was best described by the Freundlich isotherm, as indi-
cated by the high values of the correlation coefﬁcients
(R2 = 0.984).Acknowledgements
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